Featured Application: External insulation design in wet snow conditions. Abstract: In order to study the wet snow flashover characteristics of 500-kV AC insulator strings under different arrangements, wet snow flashover tests were carried out in the large climate chamber of China Electric Power Research Institute (CEPRI). The wet snow flashover voltages were obtained by the even-rising method and the flashovers were filmed by a camera. The test results showed that the installation of an anti-icing shed of large diameter could increase the wet snow flashover voltage. The distance between the two insulators was a key parameter that influenced the discharge process and the flashover voltage. Under Λ-string arrangement, for common insulators, the flashover performance of iced insulators increased with the connection angle; for anti-icing insulators, the flashover performance increased at first and then decreased with the connection angle. In wet snow conditions, when the connection angle was at the commonly adopted angle of 60 • , the flashover performance of the common insulators under the V-string and Λ-string arrangements was almost the same. For anti-icing insulators, however, the V-string arrangement was recommended according to the tests. The results obtained in this study can provide a reference for external insulation design in wet snow conditions.
Introduction
In Winter 2015, the city of Tianjin, in northeast China, was struck by a heavy snowstorm which seriously affected the safe operation of its grid. During the snowstorm, the temperature fluctuated around the freezing point so that the snow melting and freezing processes developed alternately. Moreover, the wind direction and velocity, as well as other atmospheric parameters were all favorable to the formation of wet snow according to the meteorological data. The snow filled the gaps between the sheds of composite insulators and icicles formed on the edge of the sheds, thereby degrading the insulation strength. It led to multiple flashovers on the 500-kV transmission lines and caused significant economic losses. Therefore, it is of great significance to study wet snow flashover characteristics of insulators and propose solutions to minimize the flashover incidents.
Snow can be divided into two categories, wet snow and dry snow, by the process of its formation [1] [2] [3] . When the wet snow falls on the surface of sheds, water droplets infiltrate to the bottom of the snow and accumulate on the edge of the sheds due to gravity [4] . Water may freeze at the insulator surface if enough potential heat is dissipated and icicles can form when the water film is sufficient. The adhesion of wet snow to the insulator surface is much higher than that of dry snow, and it is easier for the icicles to bridge the gaps. Thus, the influence of wet snow on the electrical performance of insulators is more detrimental than that of dry snow [5] [6] [7] [8] [9] [10] .
Due to mechanical and electrical requirements, double suspension insulators with V-string, Λ-string, and II-string arrangements have been used on some transmission lines [11] [12] [13] [14] . Research has been carried out in recent years on the insulator arrangements for three aspects: force analysis [15] , electric field analysis, and flashover performance. Zheng investigated the force analysis of Λ-strings for 500-kV transmission line and concluded that the optimum angle of ceramic Λ-string arrangements is 60 •~7 0 • [13] . If the angle is too large, the grip strength of the suspension clamp may exceed its limit. For electric field analysis, Wei calculated the electric field distribution of Λ-string arrangements used for 1100-kV transmission line by the finite element method, and an angle of 90 • was proposed [16] . As for the flashover performance, it seems that insulators with V-string or Λ-string arrangement are at an advantage in preventing the sheds being bridged by the ice and snow [17, 18] . However, as the arc floating from one insulator string to the other in the discharge process facilitates the flashover, the flashover performance of insulators in II-string configuration may be decreased. Furthermore, from the view of installation costs, compared with V-string configuration, Λ-string configuration is easier to install on existing transmission lines to improve their flashover insulation levels because it is less demanding on the tower structure.
It is known that, for double suspension insulators, the mutual influence between the two adjacent insulators plays an important role in the flashover process [12, 19] . When snow or ice is present, the air gaps formed make this mutual influence more complex. At present, most ice-covered or wet snow flashover tests are performed with a single insulator, and literature on double strings is rare. As wet snow is a serious threat to the grid safety, it is of great importance to find a proper arrangement to minimize flashover incidents. Thus, the main objective of this study is to investigate the wet snow flashover characteristics of 500-kV AC insulator strings with V-string, Λ-string, and II-string arrangements. The results obtained in this study can provide a reference for external insulation designs in regions where transmission lines are frequently subjected to wet snow.
Experimental Setup, Specimens, and Test Procedure

Experimental Setup
The wet snow flashover tests were carried out in a large artificial climate chamber of China Electric Power Research Institute (CEPRI) in Beijing, as shown in Figure 1 . The chamber has a diameter of 22 m and a height of 34 m. It consists of a power system, cooling system, water spraying system, and ice melting system. Various conditions can be achieved such as high altitude, low air temperature, heavy fog, ice, rain, and snow. An altitude from 0 m to 5500 m and an ambient temperature from 0 • C to −19 • C can be simulated in the chamber. The power supplier for the flashover test was an AC test transformer with capacity of 800 kV/6 A. To simulate snowstorms, a snow cannon as displayed in Figure 2 was used to produce the wet snow. The technical parameters of the snow canon are listed in Table 1 . 
Specimen
In this study, two kinds of insulators were tested in the experiments. One was a common type named FXBW-500/210 and the other one was an anti-icing type made by adding big sheds to the common type insulator. The profiles of both types are shown in Figure 3 and their profile parameters are listed in Table 2 . Three types of insulator string arrangements, namely V-string, Λ-string, and II-string configurations, were tested, as illustrated in Figure 4 . For the Λ-string configuration, insulator string connection angles of 2 • , 30 • , 60 • , and 90 • were tested. In Figure 4d , 450 mm and 600 mm are the distances between two strings at earth and energized ends, respectively. In Figure 4c , both insulator strings are vertical with a distance of 650 mm between them. The V-string configuration with connection angle of 60 • was also investigated, as shown in Figure 4h . 
Test Procedure
The pollution deposited on the insulator surface has two main components, namely soluble pollution that forms a conductive layer when wetted, and non-soluble pollution that forms a binding layer for the soluble pollution [20, 21] . The flashover performance of the insulator is closely related to the soluble pollution component and its electrical conductivity is normally expressed as equivalent salt deposit density (ESDD). The insoluble fraction of the pollution layer is commonly reported as non-soluble deposit density (NSDD). To simulate the actual pollution level in Tianjin during the flashover test, detailed measurements of ESDD and NSDD were carried out on exposed field insulators. The measured average ESDD and NSDD were 0.1 mg/cm 2 and 0.6 mg/cm 2 , respectively. This result confirmed that Tianjin, a coastal city, is exposed to a severe combination of salt and dust, and that its pollution level could be classified as Heavy according to the standardization adopted in IEC TS 60815 [20] .
The test procedure adopted was in accordance with GB T 4585, IEC 60507, and IEEE Std 1783-2009 [22] [23] [24] , and can be described as follows:
1) Pre-contamination First, the insulator strings are carefully cleaned and dried. Before the first contamination, insulator strings are washed with a slurry of water and kaolin, and then rinsed with tap water. When dried, the specimens are artificially contaminated using the solid layer method with the measured ESDD and NSDD as mentioned above [20] . Then, the specimens are dried naturally for 24 hours.
2) Wet snow accretion The specimens are suspended in the climate chamber in a desired arrangement, as shown in Figure 4 . To deposit the wet snow, the climate chamber is first cooled down to a preset temperature of −16 • C and then kept constant. The water used for spraying has a conductivity of 100 µs/cm and is precooled to 4-5 • C before the spraying. After the preset temperature is reached, one hour is allowed for temperature stabilization. Then, the snow cannon is turned on to produce the wet snow. The water supply pressure is set at 280 PSI and the snow production is 20 m 3 /h.
Under the above-mentioned conditions, the measured liquid water mass fraction of wet snow was 20-25%. As icing degree is an important factor that influences the flashover voltage, each wet snow accretion lasted 20 min for the same snowing degree to be obtained. At this snowing degree, more than 90% of the single string with common sheds was bridged, as shown in Figure 4a . After that, the temperature of the chamber was kept constant at −16 • C for another 15 min to harden the snow. Finally, the chamber door was opened to increase the ambient temperature to 0 • C at 3 • C/h.
3) Wet snow flashover test Using the even-rising method, the average flashover voltage was obtained for the various insulator string arrangements in the wet snow condition. First, the voltage was increased at a rate of 5 kV/s until flashover. Then, the chamber temperature was lowered to re-freeze the snow on the insulator surface for about 5 min. After that, the flashover test was repeated. Each wet snow accreted was exposed to voltage 3-5 times and the snow accretion of each insulator string arrangement was performed at least 4-5 times. As the flashover voltage was very scattered in the wet snow flashover tests, only those having a relative difference lower than 7.5% were considered as a valid test. To get the average flashover voltage, at least 10 valid tests should be performed. Then, the average flashover voltage U ave and the standard deviation σ can be expressed as:
where N is the number of valid flashover tests, and U fi (kV) is the flashover voltage of ith valid test.
Results
The test results are listed in Table 3 . As the growth of snow, ice, and icicles is very random, the standard deviation can reach 17.3%, which is scattered much more than that of the pollution flashover test [25] . To make comparisons, the flashover of the single string insulator with common sheds is taken as the reference value. Then, the voltage change ratio β is calculated as:
where U ave (1) in kV is the average flashover voltage of the single vertical string with common sheds, which is 391.0 kV in this study, and U ave (2) in kV is the flashover voltage of the other arrangements. 
The Flashover Test of Λ-string
During the test, the insulators were covered with snow and ice, which had negative effect on their electrical performance. To investigate the electric field distribution, numerical simulations were carried out using finite element method by ANSYS Maxwell with electrostatic as the solver. The parameters used in the electric field calculation model are listed in Table 4 [26] [27] [28] . The simulation was performed in 2D. In the simulation, the snowed insulators were placed in a square with side length of 50 m. The high voltage was applied to the high-voltage ends of the insulators while the earth ends of the insulators and four sides of the square were grounded. When the ambient temperature was raised to around 0 • C, ice and snow started to melt and a water film formed on their surface. The water film was assumed uniform in the simulation. As this simulation calculated the electric field distribution before flashover, static electric field was also assumed. The relative permittivity of the water film was set at 81 and snow layer was set at 6.0. The length of icicles on anti-icing sheds was set at 300 mm. To set the value of water volume conductivity, a water collector was placed under the insulator to collect and measure the melted water during the flashover test. The average water conductivity was about 670 µS/cm. The simulated results of the 90 • Λ-string arrangement with anti-icing shed are shown in Figure 5 . It can be seen that the electric field concentrates on the terminals of insulator strings, and is distorted at the icicle tips. Areas with high electric field strength are susceptible to partial discharge, which poses a challenge for the safe operation of insulator strings. To get a clear and visual comparison of the Λ-string configurations, the results are plotted in Figure 6 , which makes it convenient to compare the wet snow flashover voltage for various arrangements and find tendencies. It can be seen from Figure 6 that, for the Λ-string configuration using common shed insulators, wet snow flashover voltage increases with an increase of the connection angle up to 90 • C. It is also observed that the slope of the black line (the common shed structure) decreases when the connection angle is higher than 60 • . For anti-icing shed insulators, the wet snow flashover voltage increases as the connection angle increases up to 60 • , and then deceases when the connection angle increases further. The reason for an improved flashover performance of the tilted insulator string configuration is obvious. If the insulator string is placed at vertical, the air gaps formed by the ice and icicles can be easily shorted and insulator sheds can even be bridged in the worst case. When the insulator string is tilted, the formed vertical icicles have an angle with the insulator string and the insulator shed cannot be bridged as easily as under the vertical configuration. For the red line (the anti-icing shed structure), there are two points to be noticed. One is 2 • at which the flashover voltage increases dramatically compared with that of vertical arrangement and the other is 90 • at which the flashover voltage is even lower than that at 60 • . When the connection angle was changed from 0 • to 2 • , there was an increase of 150 mm in the horizontal distance between two high voltage terminals and a voltage increase of 18.7 kV. Although the increase of distance was minor, it had a great influence on the flashover process. Due to the larger diameter of the anti-icing sheds, there were always floating arcs between the two insulators when the distance between the two high-voltage terminals was 450 mm during the flashover tests. Increasing the distance between high voltage terminals can make the arc develop relatively independently and therefore increase the flashover voltage.
The discharge paths of iced insulator strings with anti-icing sheds and common sheds are shown in Figure 7a ,b. It can be seen that both discharge paths are shorter than their leakage distances. For the anti-icing insulator at the left side of Figure 7a , the air gap between the icicles of the third big sheds from the high voltage end and the conductor is shorted by the arc, which is much longer than the arc in air of the common shed insulator in Figure 7b . The morphology of the 90 • arrangement with anti-icing sheds is shown in Figure 8 . Due to the large diameter of the anti-icing sheds, the deposited snow on the large sheds is more than that on the common sheds. Furthermore, the water in the snow flows to the bottom of the inclined sheds to form icicles up to 300-mm long. Thus, the top of the inclined sheds appears white while the lower end is translucent, as shown in Figure 8 . With the increase of connection angle, the insulator sheds are even harder to bridge. This is a positive factor for the insulator flashover performance. However, as the icicles on the anti-icing shed are very long, combined with a smaller angle between the insulator string and conductor, the breakdown of the air gap between the icicles and the conductor is more likely to happen. According to the test results that flashover voltage is higher at the connection angle of the 60 • than that of 90 • arrangement, it can be concluded that, in this case, the icicle-conductor air gap shortening effect counteracts and even exceeds the effect of icicle bridging mitigation with the increase of connection angle. The flashover performance of the Λ-string arrangement with that of the V-string arrangement at a connection angle of 60 • is also compared, as plotted in Figure 9 . It can be seen from the figure that, for common shed insulators, the flashover voltages of the 60 • Λ-string and 60 • V-string arrangements are almost the same. For the insulators with anti-icing sheds, the flashover voltage of the 60 • Λ-string arrangement is obviously lower than that of the 60 • V-string arrangement. As the connection angles of the Λ-string and V-string arrangements are same, the severity of ice bridging is almost same for the same snowing condition. For common shed insulators, as discharge directly from the snowed insulator shed to the conductor was not observed, the flashover voltages of the Λ-string and V-string arrangements are therefore almost the same. When it comes to the anti-icing shed insulators, with the presence of long icicles, the discharge from icicles accreted on big sheds to the conductor happened more readily for the Λ-string arrangement. As illustrated in Figure 10 , there was an air gap shortening effect in the arc development process of the 60 • Λ-string arrangement, while the arc of 60 • V-string developed almost only along the insulator string. Therefore, it can be concluded that the flashover voltage of the 60 • Λ-string arrangement is lower than that of the 60 • V-string arrangement. 
The Flashover Test of II-String
In this study, wet snow flashover tests of II-string with different distance between two insulator strings were performed to find an appropriate insulator distance in wet snow conditions. For insulator strings with common sheds, it was observed that when the distance between two high-voltage terminals is not less than 600 mm, the development of flashover arcs is relatively independent. From the test results, it can also be confirmed that the flashover voltages of two arrangements, 650 mm II-string and 2 • Λ-string (450-600 mm string), are almost the same due to the absence of floating arcs. Because of an increased flashover probability, as mentioned above, their flashover voltages are 1.3%-2.4% lower than those of single strings.
For the insulator string with anti-icing sheds, examples of discharge paths are shown in Figure 11 . From the experiments, it was noticed that there were always multiple floating arcs bridging two insulator strings for the 450-mm II-string arrangement. These floating arcs shorten the discharge path greatly and lead to lower flashover voltages among all arrangements in this study. For the 450-600 mm II-string arrangement, there was only one flashover arc floating between to insulators as shown in Figure 11b , making the flashover voltage higher than that of the 450 mm II-string arrangement.
Above all, a longer distance between two insulator strings can prevent floating arcs. Whether the flashover arc of an individual insulator can develop relatively independently or not is a key factor to judge whether the distance between the two insulator strings is appropriate.
According to the test results, it is suggested that, for the insulators under study, the distance between the two high-voltage terminals should be at least 600 mm for the insulator string with common sheds and at least 650 mm for the insulator string with anti-icing sheds.
The Influence of Shed Type on Flashover
From Figure 12 , it can be seen that, for every arrangement, the flashover voltage of the insulator string with anti-icing sheds is higher than that with common sheds. For the 90 • Λ-string arrangement, due to the discharge from icicles to wire, the flashover voltage of the insulator string with anti-icing sheds is 7.6% higher than that with common sheds. For the other arrangements, the flashover voltage improvement ranges from 11.0% to 19.5%. In order to explain the test results, an equivalent circuit model is shown in Figure 13 where C i and R i are the capacitance and resistance of the insulator string, C Li is the stray capacitance to high voltage, and C Ei is the stray capacitance to ground. It is well known that C i and R i are decreased in snowing conditions, which aggravates the stray capacitance disturbance to the distribution of voltage along the insulator string. However, adding the anti-icing sheds, which can create air gaps, will counteract the decrease of C i and R i . Therefore, the flashover voltage improvement of anti-icing sheds can be explained by the following reasons:
(1) The insulation distance of the insulator string with anti-icing sheds is a little longer than that with common sheds for all arrangements.
(2) The anti-icing sheds, due to their larger diameter, can hinder or delay the arc development. (3) Compared with an insulator string with common sheds, the air gaps between big sheds can increase the capacitance of the snowed insulator string. As a larger insulator capacitance can weaken the influence of stray capacitance, the distribution of voltage along the insulator string will be relatively uniform and result in a higher flashover.
Conclusions
Based on the tests carried out in this paper, the following conclusions can be drawn:
1.
Installing anti-icing sheds is an effective method to improve the flashover performance of insulators used in cold regions. 2.
Increasing the connection angle can reduce the severity of snow bridging, and therefore increase the flashover performance of insulators with common sheds as the connection angle is increased. However, it was found that for insulators with anti-icing sheds and connection angle higher than 60 • , with a small angle between the insulator string and the conductor, the air gap between the icicle and the conductor can breakdown readily if long icicles are accreted on the big shed. According to the test results, when it comes to the electrical performance, the recommended connection angles for Λ-string arrangements with common sheds and with anti-icing sheds are 90 • and 60 • , respectively. 3.
Increasing the distance between two insulators can improve the flashover voltage performance. When the distance between the two insulators is too close, the flashover voltage will be reduced due to the floating arcs bridging two parallel insulators. For an II-string arrangement, when the distance was increased from 450 mm to 650 mm, the flashover voltages were increased 3.2% and 7.1% for common shed and anti-icing shed insulators. The recommended distance between the two high-voltage terminals is at least 600 mm for the strings with common sheds and at least 650 mm for the strings with anti-icing sheds.
4.
When the connection angle is 60 • , which is widely adopted in transmission lines, the flashover performance of common insulators under Λ-string and V-string arrangements are almost same for the same snowing conditions. However, due to the presence of long icicles, the flashover voltage of anti-icing insulators under a V-string arrangement is higher than that of a Λ-string arrangement. 
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